Abstract Purpose Organ-level registration is critical to image-guided therapy in soft tissue. This is especially important in organs such as the kidney which can freely move. We have developed a method for registration that combines three-dimensional locations from a holographic conoscope with an endoscopically obtained textured surface. By combining these data sources clear decisions as to the tissue from which the points arise can be made. Methods By localizing the conoscope's laser dot in the endoscopic space, we register the textured surface to the cloud of conoscopic points. This allows the cloud of points to be filtered for only those arising from the kidney surface. Once a valid cloud is obtained we can use standard surface registration techniques to perform the image-space to physical-space registration. Since our methods use two distinct data sources we test for spatial accuracy and characterize temporal effects in phantoms, ex vivo porcine and human kidneys. In addition we use an industrial robot to At that rate we see no temporal effects due to acquisition synchronization or probe speed. Our surface registrations were able to find applied targets with submillimeter target registration errors. Conclusion The results showed that the textured surfaces could be reconstructed with submillimetric mean registration errors. While this paper focuses on kidney applications, this method could be applied to any anatomical structures where a line of sight can be created via open or minimally invasive surgical techniques.
Introduction
The National Cancer Institute Surveillance Epidemiology and End Result (NCI-SEER) Statistics Review estimates that there were 63,390 new cases of renal cancer and 13,860 deaths in 2014. Unlike cancer rates in general, kidney cancer occurrences continue to climb. For localized cases, complete resection is the primary curative treatment [1] . Traditionally, radical nephrectomy, encompassing resection of one entire kidney, the surrounding fat and lymphatics, and the adrenal gland, was the recommended treatment for patients [2] . More recently, partial resection of the kidney (partial nephrectomy) has become the preferred form of treatment due to improved surgical techniques. This is demonstrated in Fig. 1 from Cooperberg et al. [3] . Discovery of earlier stage and thus smaller carcinomas, via continuously improving medical imaging devices and techniques, enables, if not mandates, partial nephrectomy techniques. A partial nephrectomy involves the removal of the diseased segment of renal tissue while leaving the largest possible amount of normal functioning kidney tissue [4] . With the ability to detect carcinomas early, the diseased tissue is more localized to the kidney with the absence of metastasis, thus increasing the number of candidates for a partial nephrectomy or ablation procedures. Recent studies have demonstrated that a partial nephrectomy, either open or laparoscopic, is an effective procedure for renal cell carcinoma and is especially applicable for tumors less than 4 cm [5] [6] [7] [8] . In addition to providing equivalent oncologic outcomes, improved patient morbidity and mortality, as compared to complete kidney removal, have been noted. Nephron-sparing procedures are imperative when the contralateral kidney is functionally impaired or has been surgically removed [9, 10] .
The balance of sparing as many nephrons as possible while completely treating the diseased kidney tissue is crucial in kidney surgery for cancer as well as benign disease processes. The therapeutic challenge can be divided into three tasks: defining the margin of the diseased tissue, guiding the therapeutic process to this area and defining the effective therapeutic zone. However, there are several technical challenges associated with these procedures including adequate intraoperative identification of the margins of the diseased tissue, identification and control of the vascular supply, and avoidance of ischemic injury to the normal kidney tissue [11] . Currently, surgeons remove the diseased tissue using visualization, either directly or via a lens. However, this is problematic because the appearance of diseased and normal tissue may not be significantly different. This can prolong the procedure and decreases the likelihood of a clear margin without significant excess healthy tissue damage. Surgeons are often forced to resect a target that they can barely see unless they significantly disturb healthy tissue. The less the surgeons are required to disturb the kidney and its surrounding tissue during the procedure, the shorter the recovery time will be for the patient. Thus, there remains a need to improve intraoperative visualizations of the kidney in order to improve surgical outcome; for example, this includes a display of the present position of surgical instruments using the three-dimensional data of the preoperative tomograms. Employing image-guided surgery techniques, which are now a standard in neurosurgery and emerging in other abdominal surgeries, could provide these visualizations during the pro- Fig. 1 Growth of kidney cancer resection via partial nephrectomies by year. From [3] cedure. The definition of a successful partial nephrectomy is the resection or ablation of a renal lesion while sparing as many nephrons as possible. The largest source of surgical morbidity for either resection or ablation is vascular injury [12] . Therefore, both the success of the resection and the minimization of morbidity would be augmented by active display of surgical tool position relative to the location of the preoperatively determined surgical margin and the surrounding vasculature. As a result, more partial nephrectomies could be performed for masses currently treated with radical nephrectomy with vascular damage minimized and increased preserved renal function, resulting in improvement in patient outcomes.
The treatment of kidney tumors is also becoming less invasive, with the development of minimally invasive surgical techniques (MIS) [13] and even percutaneous procedures [14] . The success of any style of kidney tumor treatment process-surgery, radiofrequency ablation, cryoablation or others-can be defined as complete elimination of the lesion with minimum damage to healthy nephrons and vital structures. Therefore, the margins of the lesion must be assessed pre-operatively, the healthy structures of interest must be localized, and the desired treatment zone resected or ablated. If this information can be provided interactively during surgery, then margins can be closely resected while minimizing damage to healthy structures. However, any decision based on preoperative images requires both an image-space to physical-space registration and understanding of the factors that determine the quality of that registration.
We have demonstrated surface-based kidney registration in open procedures [15] and demonstrated that the quality of registration is dependent on both the amount and the location of the surface(s) used for the registration [16] . Involving highly figured (large changes in curvature) segments of the kidney promotes a better registration as does the use of a wide range of surface orientations such as the two poles of the kidney. This was also demonstrated by Puerto-Sueza and Mariottini [17] . Lastly, we have demonstrated [18] a point-based registration in human surgeries which builds on our initial surface-based registration. This secondary method is not optically based and thus allows us to rapidly re-register throughout a procedure in the face of smoke and even deformations due to resection. However, this secondary registration is dependent on having a high-quality initial surface registration.
A number of surface acquisition processes have been developed. These include a laser range scanner (LRS) [19] , stereo pair [20] , structured light [21] and time-of-flight camera [22] systems. An excellent review of most of these methods appears in [23] . The LRS and time-of-flight endoscopy have been successfully used in liver and brain registrations [24] [25] [26] [27] . However they are obtained, the physical data used for the registration are not a mathematical surface but rather a cloud of points sampled from the physical surface of the organ.
In kidney surgery there is a relatively rigid organ [15] , which is clamped in place at the start of the resection. In addition, the renal capsule is smooth and softly curved with a convex lateral side and a deeply grooved concave medial side forming the hilum. A robust registration methodology will require capturing this surface with significant curvature information to "lock in" the registration. We have significant experience using a LRS to capture surface information during surgery [19, 24, 25] . However, as the procedure progresses to minimally invasive approaches the LRS is too large to be used through a laparoscopic trocar.
To address this issue, we have been exploring conoscopic holography for intraoperative data collection in minimally invasive surgeries. The conoprobe is composed of a sixdimensional tracking system (Polaris optical tracking system Northern Digital, Ontario, Canada) rigidly mounted onto a conoscope. Conoscopic data acquisition consists of a laser transmitted from the conoscope aperture and reflected back to the detector. The conoscope provides a distance measurement which can then be translated into a 3D point via the transformation matrix determined during calibration. The conoscope is then moved to acquire another point in the physical-space cloud. The cost of this method is building the physical-space data cloud via repeated point acquisition. The advantage of this method is that the conoscope can be moved within the trocar to interrogate complex curved surfaces. While the initial surface registration initially takes 1 minute, it allows us to establish correspondence between points on the surface of the organ and homologous points on the scan. With those points subsequent re-registrations take less than a second [34] . With the kidney clamped during the initial registration it is not moved by respiration or cardiac oscillations. We consider the temporal cost of this initial registration to be reasonable since it gives us a high-quality registration which allows us to establish point correspondence for fast re-registrations as the surgery proceeds.
The conoprobe passes the reflected light through a polarizer and crystal, and the resulting phase changes and interference pattern can be used to calculate the distance to the object [28, 29] . When optically tracked, the conoscopic laser can be swept across an organ surface to obtain a 3D point cloud [30] . An accuracy study of the geometric surface obtained by an optically tracked conoscope can be found in [31] , and registration accuracy studies have also been performed [32] .
We have demonstrated that a surface can be obtained with the conoscope (surface scanning); however, one important question remains. How do we know that the surface obtained is the surface we desire for organ-level registration? Is the geometric information from conoscopically obtained points sufficient to identify the organ in question or is error introduced from misidentification of surrounding tissue? In the case of the kidney, can the conoscope points be ascribed entirely to the kidney or are some fraction of them from the perinephric fat? As a step toward an answer to this this question we have developed a novel method of texture-mapping the conoscope-obtained surface using a laparoscopic camera. This process is a form of feature tracking although we do not use the acquired feature for registration. We will characterize both techniques independently and then combine them for a surface registration.
Methods
Our method combines two aspects. We have three-dimensional spatial points from the conographic holography system (the conoprobe) and we have two-dimensional texture points from the tracked endoscope. Those disparate data sets can be used to address the weaknesses of the other if they can be integrated spatially and temporally.
The stationary spatial performance of the conoprobe has been characterized in two previous papers [30, 32] . There are two challenges with such points. First, because the organ lacks fiducial points we cannot count on correspondence between physical and image points for registration. Second, the acquired points arise from any surface reflection which may or may not be the desired organ surface. Our solution is to integrate an endoscopic image to allow texture mapping of the laser points. Once that texture is complete we can screen the conoscopic points for only those arising from the target of interest. This combination requires that we characterize the conoscopic and endoscopic systems separately and then measure the performance of the combined system. This characterization will include spatial and temporal sensitivities.
Conoscopic hardware
A commercially available conoscopic holography sensor (conoprobe) (Probe Head Mk3, OPTIMET, North Andover, MA) was used. To optically track its 3D location and orientation, a rigid body with retro-reflective marker spheres (Northern Digital, Ontario, Canada) was attached to the body of the conoscope (Fig. 2) . A sterilizable, airtight attachment was constructed to facilitate its use through a laparoscopic trocar port. The conoscope data rate can be set as high as 1000 Hz, but for these experiments, we used a sampling frequency of 400 Hz (2.5 ms period). This rate was selected because the data transfer rate has a 1ms frame latency, and by allowing 2.5 latency units between samples we are assured of a unique data acquisition per frame.
The rigid body coupled with the Polaris optical tracking system (Northern Digital, Ontario, Canada) provides us with six degree of freedom tracking. By calibrating the location and direction of the laser beam with respect to the rigid body we can determine the location of the reflection point of the conoprobe's laser by combining the distance measurement from the conoprobe with the pose information from the optical tracking system. To obtain the transformation from the Polaris rigid body center to the conoprobe origin, a calibration was performed using a pivot technique. The details and error analysis of this calibration can be found in [31] .
Laparoscopic video collection
In addition to the tracked conoprobe, a rigid laparoscope is targeted at the organ to capture the visible field of view in physical space. We performed experiments with both Karl Storz Telecam NTSC and Tricam SL NTSC and Karl Storz Xenon Light Source 615 and 175. As the conoprobe captures the 3D surface locations, the laparoscopic video frames are grabbed. To capture the frames we used an Elgato Video Capture frame grabber that ports S-video to USB. A program was written to capture the video stream using the API of Microsoft's DirectShow on a Windows 7 laptop. The laparoscope has a frame rate of 30 Hz with one frame latency. A Polaris tracker is rigidly attached to the scope and a calibration block is scanned before every application. The 16 targets on the block are known to a NIST-traceable 0.25 mm and a 3-D to 2-D transformation is calculated [31] [32] [33] .
Texture mapping algorithm
In this method, an optically tracked conoprobe is swept across a surface to obtain a 3D point cloud. This point cloud is then texture mapped using the video obtained from the laparoscopic camera. To texture map the point cloud, we use the fact that each 3D point has a corresponding video frame in which the red laser dot is seen. From the segmented red dot, the texture coordinates of the point can be determined, and a color can be assigned from either a reference image or a previous frame. The color texture is interpolated into the remaining image via thin-plate splines. The segmentation looks for a collection of connected red pixels and fits their distribution to Gaussian shape. The centroid of that shape becomes the selected point. In our implementation, we assume the laparoscopic camera is fixed while the conoprobe is moved during the data acquisition, and we assign the texture from a reference image taken before the conoprobe acquisition. There is no assumption of tissue-to-scope distance. However, because we can track the laparoscopic camera it is simple to place both objects in a single reference frame.
Synchronization
There are four time-dependent processes in the use of the conoprobe to obtain a surface for image-to-surface registration: (1) data acquisition rate and latency of the conoprobe, (2) data acquisition rate and latency of the Polaris, (3) the frame rate and latency of the video camera and (4) the sweeping motion of the conoprobe over the target organ. The temporal relationship of all four must be investigated to ensure proper geometric and texture rendering of the organ data. The first three, conoprobe, Polaris and laparoscope, have fixed rates and latencies, and their data streams have to be synchronized to ensure an accurate 3D point location (Polaris and conoprobe) and accurate color texture (laparoscope). In contrast, the fourth time-related event, the motion of the conoprobe can be varied. We performed experiments to test the interaction of conoprobe motion with the first three factors.
A custom, multithreaded C++ program was implemented to obtain the conoscopic, Polaris and video. The conoprobe and Polaris data were time-stamped using the standard Windows libraries. For the video stream, a time-stamp was obtained at the start of the stream, and the relative timing of the frames was saved as a part of the video format. Each data stream was post-processed to match the frames in each data stream by timestamp. The frequency of the data streams was as follows: the Polaris at 60 Hz, the conoprobe at 400 Hz (for this application) and the video at 30 Hz.
Because the synchronization of the conoprobe, Polaris and video data streams is a deciding factor for the achievable texture-mapping accuracy, we performed a series of tests to quantify the synchronization accuracy. There are several sources of possible synchronization error: (1) determination of start time of video stream, (2) relative timing of each frame of the video stream, (3) Polaris temporal resolution, (4) conoprobe timing. Both differences in rate and latency can be accounted for in these experiments. These studies are important to determine whether there is differential latency (which we would see as a temporal offset) or a lack of synchronization (which we would see as data temporal drift), and if so, whether we can correct it. The final synchronization accuracy will place a limit on the accuracy of the texture map as well as the conoprobe scanning speed. In addition, characterizing the synchronization error will also help us determine what frame rates we need in the future if a certain scan speed or accuracy is desired.
In a first test we used a commonly employed external blocking event to verify the synchronization of the conoprobe, Polaris and video data streams. An object was dropped in front of an aligned Polaris target, conoprobe laser and laparoscopic camera such that it would block all data streams simultaneously. The times of the blocking event were found in each data stream and compared to find both the error and any offset. As the conoprobe had the highest temporal resolution, it was used as the reference and the Polaris and video streams were synchronized to it.
In a second experiment, we sought to verify the relative timing accuracy of the video stream, in particular to determine whether there was a drift or bias over time. Because only the starting time of the video stream is recorded, it was important to verify the relative accuracy of the timestamps in the saved video format. To do this, we aimed the laparoscopic camera at an external millisecond clock displayed on the screen of a separate laptop. For three trials and at seven different sampling times ranging from 5 to 180 s into the video stream, the difference between the external timer and the internal video timing was determined for a total of 21 samples.
Accuracy studies
As the geometric accuracy of the conoscopic surface has been characterized previously [33] , in this paper we focus on characterizing the accuracy of the texture map. This includes determining the effects of the laparoscopic sweep speed on the texture map accuracy.
Because the physical-space cloud is composed of points collected as the conoprobe is swept across a surface, the accuracy of the texture mapped surface may be dependent on the density of scan lines or the scan speed. To determine the effect of these factors on the texture accuracy, we used a robot (Mitsubishi RV-3S) to move the conoprobe at different speeds and different scan line spacings over a colored checkerboard image of known dimensions (see Fig. 3 ). Detailed information on robot kinematics and setup can be found in [34] .
To verify the accuracy of a textured surface, the error between the known geometry of the checkerboard was compared to that obtained from the textured surface. Specifically, the error was defined as the distance between the square corners localized from the texture and their known locations. The calibration image used was a 5 × 3 checkerboard colored with red, green and blue squares printed on flat, white paper. Each square had a width of 13.9 mm. To determine the effect of scan line density on the accuracy of the textured surface, we used the robot to obtain five datasets at 10-, 5-and 2-mm scan line spacing, for a total of 15 data acquisitions. The Polaris, conoprobe and laparoscopic video streams were synchronized, and the conoscopic surface was constructed and textured using the image processing methods described above. The checkerboard corners were localized from the textured surface manually, and the distance from the known locations was calculated.
In addition to scan line density, the effect of scan speed on texture accuracy was also investigated. The robot was used to aim the conoprobe across the checkerboard phantom at 20 and 40 mm/s at a line spacing of 10 mm. The accuracy of the conoscopic scans was calculated as described above.
Ex vivo porcine kidneys
Because the conoscopic laser interacts with tissue differently than with other materials, it is important to validate our conoscopic texturing method using a more realistic material and geometry. To this end, ex vivo porcine kidneys (frozen at about −10 • C immediately after resection and thawed before use) were scanned with the conoprobe and texture mapped using the presented method. Flat, circular green surface fiducials (diameter 7.2 mm) were marked with an "x" at their centers and used to calculate the texture accuracy. Two methods of validation were used in these studies: (1) comparison of the texture-localized fiducials to a gold standard localized using a probe and (2) comparison to an LRS texture.
Validation using probe-localized points
In these studies, four ex vivo porcine kidneys had surface fiducials applied (see Fig. 4 ). Depending on kidney size and surface curvature 5-11 surface fiducials were applied for validation. The fiducial centers were localized using either a Polaris probe or conoprobe as a gold standard, and the error between the texture-localized and gold standard positions was calculated. Because we had placed fiducials and thus had known correspondence, we could calculate a fiducial registration error (FRE), the mean RMS distance between the fiducial's actual image location and the location estimated by transforming the physical-space locations of the points into image space. Such a measure allows estimation of the device or processes' precision. True accuracy is determined by calculating the target registration error (TRE) of a point-based registration between the texture-localized and gold standard probe-localized fiducials. To do this, one fiducial was designated the target, while the remaining were used in the point-based registration. We accepted the fiducial to Polaris registration as the gold standard and used an iterative process to test for sensitivities to fiducial location. That iter-ative procedure repeated the localization each time changing the fiducial chosen as the target and the leave-one-out TRE was calculated at each fiducial. The leave-one-out TRE was then averaged over all the trials.
Comparison against a gold standard
To compare the conoscopic point cloud to that obtained from a gold standard LRS (Pathfinder Therapeutics, Inc, Nashville, TN), a porcine kidney was covered with 10 fiducials and scanned with a conoprobe five times, and the reconstructed textured surfaces were compared to an LRS scan. This comparison allowed the use of both a point-based registration since the fiducials provided correspondence and surfacebased registration by comparing the point clouds obtained by use of the LRS and by the conoscope. The fiducial centers were localized from both the conoscopic texture and the LRS texture, and a point-based registration was used to align the two coordinate spaces. To measure the difference between the two surfaces, the FRE and leave-one-out TRE as described in the section above were calculated.
Ex vivo human kidneys
The accuracy of the conoscopic texture mapping was tested using an ex vivo kidney from a partially fixed human cadaver. To facilitate validation, six fiducials consisting of surgical tape marked with an "x" were attached to the kidney surface, and six conoscopic scans were obtained. The centers of the marks were localized using a Polaris probe, and the error between texture-localized and Polaris-localized points was calculated. The leave-one-out TRE and FRE were calculated as described in the previous section.
Scanning and post-processing times
The conoprobe scanning and post-processing times were recorded for the 10 ex vivo and four human cadaver trials. These post-processing scripts were run on with an Intel Core i7 processor, 4 GB of RAM and Windows 7 64-bit operating system installed.
Results

Synchronization studies
Synchronization studies with external blocking event
The synchronization studies indicated a delay between the Polaris and conoprobe data streams (mean 29.2 ms) and the laparoscope and the conoprobe (mean 0.55 frames). The positive sign of the errors indicates the synchronization event happened earlier in the conoprobe data stream than in the Polaris stream, and therefore, it appears that the Polaris stream is lagging behind the conoprobe. As the frame rate of the Polaris was 60 Hz, the mean delay was approximately 1.8 Polaris frames.
The video frames also lagged the conoprobe data, but by only an average of half a frame. Because of the relatively slow video frame rate (30 fps), and the difficulty in isolating the exact time of the synchronization event in the video frames, the delay of half a frame may be within the error of the measurements. What must also be considered is that this is a handheld surgical instrument, while it is possible to make the synchronizations significant by very rapidly moving the scope or the conoprobe, and in surgical reality this will not happen.
Accuracy of the relative timing of the video stream
There was no significant error in the relative timing of the video, as the mean difference between the external and internal timing was less than a millisecond (−0.4 ms ± 5.4 ms) over all the samples. There was also no bias or increase in error as the video progressed, as tested up to 180 s. The standard deviation was about 5 ms, which is within the error of the Windows C++ library used to obtain the times [37] .
Accuracy studies
Calibration image
The effects of scan line density on texture map accuracy are shown in Fig. 5 for line spacings of 10, 5 and 2 mm. The mean errors in all cases were submillimetric (below 0.7 mm), and the maximum error did not exceed 2 mm. While the mean errors are slightly lower for denser line spacings, t test showed that these differences were not significant at the 0.05 confidence level. Some representative textured surfaces are shown in Fig. 6a . The quality of the texture maps generated from the denser scan lines appears to be slightly better than those generated from the more sparse lines.
To assess the effects of the scan speed on texture accuracy, the error of the textured surfaces was calculated from data taken at 20 mm/s and 40 mm/s. Figure 7 compares the mean error over all trials for data taken at a scan line spacing of 10 mm. The surfaces constructed from 20 mm/s data have a lower mean error than those from 40 mm/s. An ANOVA test showed that this difference is significant at the 0.05 confidence level, despite the small number of trials taken at 20 mm/s.
Ex vivo porcine kidney Validation using probe-localized points
The textured surfaces constructed from ex vivo porcine kidneys were found to have submillimetric accuracy over Fig. 5 Ex vivo kidneys from a partially fixed human cadaver to be scanned by the conoprobe (left); the same kidney covered with fiducial surface markers (right). The peach-colored areas represent the perirenal fat that had not been completely removed from the kidney the 10 trials performed (see Fig. 8 ). The mean leave-one-out TRE and FRE over all trials was calculated to be 1.0 and 0.8 mm, respectively. The qualitative results can be seen in Fig. 9 .
Comparison to LRS
While the previous studies validated the conoscopic texture using probe-localized points, a comparison with an LRS texture showed a submillimetric mean TRE and FRE over five trials (Fig. 10) . While a total of 10 fiducials were used, small portions of some surfaces were not able to be constructed as the measurement volume of the optical tracking system was exceeded for some data. Therefore, in some cases, the fiducials in the small unconstructed areas were not able to be used. One representative result in Fig. 11 shows the LRS surface overlaid on the conoscopic surface. The small amount of error is apparent as shown by the white dots representing the conoscopic fiducial centers align quite well with the LRS surface.
Ex vivo human cadaver kidney
To verify the accuracy of the conoscopic texturing method on a human kidney, a point-based registration was performed between the fiducial stickers localized in the textured surface Table 1 and Fig. 12 . The mean leave-oneout TRE over four trials was found to be 0.9 mm, with a maximum less than 1.5 mm.
Scanning and post-processing times
The mean scan time for 10 porcine and four human cadaver cases was found to be 56 ± 9 s, while the mean postprocessing time was 35 ± 9 s. The total scan and post- Table 2 . The post-processing steps have not yet been optimized for surgical workflow and will decrease dramatically when we can do so.
Discussion Significance
In any image-guided surgical process two of the fundamental steps are establishing an image-space to physical-space registration and dealing with intraprocedural motion. By creating a methodology in which allows both a reasonable speed, initial, directable surface acquisition and one which allows intraoperative point-based rapid re-registration, we can address both concerns. By obtaining a textured threedimensional surface, we have developed a technique applicable to image-guided minimally invasive kidney surgery. We have extensive experience with organ-level surfacebased image-space to physical-space registrations. With that experience comes caution in constructing the physical-space point clouds. An ICP-based registration will reduce the distances between the surfaces, but such mathematics can be confounded by rotationally symmetric surfaces. In addition we had concerns about moving to minimally invasive scenarios because it is difficult to insure that the physicalspace point cloud arises solely from the surface of the organ and not from surrounding tissue. By using the conoprobelaparoscope combination we allow the direction of the point acquisition to include areas of high angular change such as the edges of the kidney or the hilum. Secondly we construct a texture on the surface of the point cloud to allow identification of "off target" points.
Calibration
It is easy to presume that all of the data channels are simultaneous but such a presumption can lead to unanticipated errors [35] . While latency and temporal misalignment have been explored in the augmented reality environment [36] they are occasionally overlooked as a source of data acquisition errors. Characterizing the synchronization error is important for several reasons. First, it is important to detect whether there is any offset or drift in the data streams so we can correct for it. Once any offset or drift is corrected, the final synchronization accuracy will place a limit on the accuracy of the texture map as well as the conoprobe scanning speed. For instance, larger errors in the synchronization can be offset by moving the conoprobe across the targeted object at a slower speed. Our results show that the synchronization was good enough for a hand-held surgical instrument. If we desire to move the system more quickly we are beginning to use more sophisticated techniques for the determination of synchronization issues to address faster scan speeds.
Scanning effects on accuracy
In the robot calibration studies described in this paper, we investigated the effects of scan speed and scan line density on textured surface accuracy. In the image calibration study, we found submillimetric mean errors for all scan line densities and scan speeds tested. The effect of scan line density for 2-, 5-and 10-mm line spacings was less pronounced than effects of scan speed. While we found slightly lower errors for denser line spacings, the difference was not found to be significant. The difference in error between the two scan speeds tested (20 and 40 mm/s) was more pronounced. In essence, this study implied that higher texture accuracy can be achieved by either increasing scan line density or decreasing scan speed, but decreasing scan speed may have a greater effect. In addition, the expected texture errors for 20 and 40 mm/s scans (0.33 and 0.66 mm, respectively) were on par with the observed mean errors (0.46 and 0.66 mm, respectively) assuming 1 frame of Polaris error. We recommend lower scan speeds (closer to 20 mm/s) for future systems. These studies are important because if it is desired to expand the use of the conoscopic acquisition to gather "patches" of surface and thus improve overall speed while retaining the ability to move the acquisition to convex and concave surfaces, we need to know the effects of acquisition speed.
Texture accuracy
In addition to the geometry, the texture accuracy was evaluated on a more realistic material, namely ex vivo pig kidneys. The error was calculated using three different gold standards Fig. 13 Sources of surface error. In the top image the uppermost fiducial is elongated on reconstruction due to the surface interpolation. The lower image displays the conoscopic scan lines, which overshoot the kidney to localize the fiducials: Polaris probe, conoprobe and LRS. While none of the gold standards are perfect, the mean leaveone-out TRE is consistently low and less than 1 mm. The submillimetric FRE indicates that the texture is not being distorted compared to the gold standards. Another factor that we have observed affecting the textured surface accuracy was the proximity of the fiducial targets to the scan boundaries. The accuracy may degrade at edges if the points from which to interpolate are scarce and the curvature is high. Depending on the interpolation settings, the features at the edge may "bleed" outward. This can be seen in Fig. 13 .
In the lower image in Fig. 13 , the role of the texture is clearly seen. The overscan of the conoprobe would include points outside of the surface of the organ. This is reinforced by the image in Fig. 4 which shows the perinephric fat left on a "clean organ." In order to have confidence in the conoscopically derived surface, additional information in the form of texture mapping must be applied.
System performance
While our system is currently not set up to automatically process all the data after acquisition, this is a step that should not be difficult to achieve. Currently, a manual scan of a kidney takes an average of 55 s. The post-processing step running times take about 30 s and could be decreased if the algorithms were optimized for computational efficiency. Using a laparoscopic camera with higher frame rate and/or an optical tracking system with higher data acquisition rates would allow the conoprobe scan speeds to increase, enabling a decrease in the acquisition time or increase in scan line density.
Conclusion
In this paper, we have presented a novel method for texture mapping a 3D surface obtained by an optically tracked conoscopic holography sensor. Calibration and accuracy studies were performed using phantoms and ex vivo porcine kidneys covered with surface fiducials. The results showed that the textured surfaces could be reconstructed with submillimetric mean registration errors. These promising results indicate that it may be feasible to use the conoscopic textured surfaces to track intraoperative kidney motion for use in minimally invasive image guidance. Next steps include studies conducted in an in vivo porcine model; these have been performed and will be published in future publications.
